A quantitative structure activity relationship (QSAR) was employed to find out the correlation between the structural properties and angiotensin II receptor antagonistic activity of 4,5-dihydro-4-oxo-3H-imidazo [4,5-c]pyridines collected from the literature. The multiple linear regression (MLR) and non-linear regression (NLR) analyses have been carried out to derive best QSAR models. The developed models were cross-validated by the 'leave one out' technique as well as by the calculation of statistical parameters. The present investigation indicated the importance of the quantum chemical descriptor, energy of lowest unoccupied molecular orbital, LUMO and the lipophilic parameter, log P, in contribution to the studied biological activity. The results of NLR showed that neglecting log P, based on its low correlation by MLR, as followed by most of the QSAR studies, can lead to fortuitous results and one must perform non-linear regression before coming to a decision on the contribution of the lipophilic parameter, log P.
Introduction
The vasoactive hormone angiotensin II (ang II) produced by the renin angiotensin system (RAS) is a potent regulator of blood pressure homeostasis, fluid volume and electrolyte balance in mammals 1 . The discovery of losartan and nonpeptide spinacine derived compounds such as PD-123, 177 and PD-123, 319, along with peptides such as CGP-42112A, [2] [3] [4] led to confirmation of the existence of ang II receptor heterogeneity followed by the discovery of angiotensin II receptor subtypes AT 1 and AT 2 5 . The AT1 receptor is G-protein coupled 6 and recognized as 1. X/Y relation outliers are substances for which the relationship between the descriptors (X variables) and the dependent variables (Y variables) is not the same as in the (rest of the) training data. 2. X outliers. Briefly, a substance is an X outlier if the molecular descriptors for this substance do not lie in the same range as the (rest of the) training data. 3. Y outliers are only defined for training or test samples. They are substances for which the reference value of response is invalid. In light of the above guidelines, seven imidazopyridines were considered as outliers because their response values [ang II receptor antagonistic activity] were outside the range in comparison to the other compounds included in the present study. The activity data have been given as IC 50 values, where IC 50 refers to the experimentally determined molar concentration of the 4,5-dihydro-4-oxo-3H-imidazo [4,5-c] pyridines required to inhibit the binding with angiotensin receptor by 50%.
The compounds were divided into training and test sets consisting of 22 and 5 molecules, respectively. The training set has been used for QSAR model development and the test set was used to test the ability of developed QSAR model in predicting the angiotensin receptor antagonist activity.
The biological activity values [IC 50 (nM)] reported in the literature were converted to molar units [mol/l] and then further to -log scale and subsequently used as the response variable for the QSAR analysis. The pIC 50 values, along with the structure of compounds used in regression analysis as well the outliers in the series, are presented in Table 1 .
All calculations were performed by using the molecular package TSAR 28 . In this work, we calculated the following molecular descriptors [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] (Table 2) for imidazopyridines and the values of the selected descriptors used in the development of MLR model are presented in Table 3 . The correlation matrix constructed to find out the relationship between molecular descriptors and biological activity, as well as the interrelationship among the parameters, is presented in Table 4 . From the correlation matrix it was observed that pIC 50 (AT 1 ) was highly correlated with log P, r = -0.892, whereas in all other cases r > 0.6. In the first step, the statistical method of stepwise multiple regression procedure, based on the forward selection method, was applied for variable selection with the aim to obtain the best regression equation (in such a way that variables that show little increment or are redundant in the explanation of the dependent variable were not included).
By following the above facts, the MLR analysis yielded the best mono-parametric model with log P. The model was given as follows. Table 1 . Chemical and biological data of 4,5-dihydro-4-oxo-3H-imidazo [4,5-c] Eq-1 shows inverse relationship between activity and logP, but the trends shown by the compounds were different. Compound 2, which has the log P value of 8.23 has a lesser activity than many compounds in Table 1 . Similarly, compound 4 with a low log P value of 4.32 shows the activity, -logAT 1 = 7.38, which was higher than the activity values of many compounds which have log P values higher than compound 4. This indicated that there might exist a nonlinear relationship of the descriptor log P with the AT 1 receptor antagonistic activity. This was evidenced by the QSAR model (Eq. 2) obtained by non-linear regression having more statistical significance than the one obtained by MLR. The sample size and the 'Rule of Thumb' allowed us to go for the development of multiparametric models. Among the multi-parametric models, the bi-parametric models showed significant increase in r-value. The addition of the molecular descriptor, LUMO to log P significantly increased the correlation coefficient (Eq. 3). Further, one should not forget to note that the interrelationship between log P and LUMO was very low (r = 0.048 for log P with LUMO, Table 4 ) in comparison to the other descriptors, which also favors the combination of these descriptors. Similarly, the addition of valence first order molecular connectivity to log P also improved the r-value (Eq. 4).
QSAR model for AT
The electronic parameter LUMO, which denotes energy of the lowest unoccupied molecular orbital, directly related to the electron affinity and characterizes the susceptibility of the molecule towards attack by nucleophiles. An electron deficiency in the lowest unoccupied molecular orbital (LUMO), shows its low energy and low electron density, which gives a molecule a favorable condition for the acceptance of an electron [42] [43] . The trend in the imidazopyridines was such that the lower the LUMO energy of the molecule, the higher the activity of the molecule, as evidenced by the LUMO values (Table 3 ) and angiotensin receptor antagonistic activity values of imidazopyridines (Table 1) . In order to confirm our results we have estimated the ang II receptor antagonistic activity pIC 50 (AT 1 ) of test and training sets using the model expressed by Eq. 3 and compared them with the observed values. The data presented in Table 5 show that the observed and predicted activities are very close each other. This was further supported by the plot of MLR predicted pIC 50 (AT 1 ) values against the observed pIC 50 (AT 1 ) values (Figure 1 ) and the lowest values of the statistical parameters PE, LSE, LOF and SEP estimated in Table 6 are also in favor of the biparametric model containing log P and LUMO. ) signifies the degree of branching, connectivity of atoms, and the unsaturation in the molecule 19 , which accounts for the variation in the activity of imdazopyridines. To investigate the existence of systemic error in developing the MLR model, the residuals of MLR predicted values of pIC50(AT 1 ) were plotted against the experimental values in Figure 2 . The propagation of residuals on both the sides of zero indicates that there is no systemic error in the development of the MLR model. The correlation matrix indicates that, in the case of AT 2 antagonistic activity, the molecular descriptor, LUMO is highly correlated with pIC 50 (AT 2 ) (r = 0.797, Table 4 Figure 3 ) and the lowest values of the statistical parameters PE, LSE, LOF, SEP are in favor of the proposed model given by Eq. 6. Similarly, the propagation of residuals on both sides of zero in Figure 4 as observed in case of AT 1 also favors the developed bi-parametric model. The steric energy of the molecule represents the conformation minimum energy of the molecule. The negative coefficient of SE in Eq.6 indicated that for a compound to be more active, it should be in the minimum energy conformation so that it can fit into the receptor effectively. The SE values of imidazopyridines in Table 3 reflect the above trend that the compounds with minimum steric energy were found to be more active than the others, which have high steric energy values. Further, it is important to note that the correlation between SE and LUMO is also very low (r = 0.305, Table 4 ) which also justifies the combination of these parameters to develop a better biparametric QSAR model.
It is noteworthy that the correlation of log P with AT 2 antagonistic activity was found to be very low, (r = -0.130, Table 4 ). The MLR model expressed by Eq. 8 obtained with log P also reflects the same fact. The non-linear model indicated that log P significantly contributes to ang II antagonistic activity. Significant equations were obtained by MLR as well as NLR methods for 4,5-dihydro-4-oxo-3H-imidazo [4,5-c] pyridines according to their angiotensin II receptor antagonistic activity. From the MLR and NLR models discussed above we conclude that the quantum chemical descriptor, energy of lowest unoccupied molecular orbital (LUMO) and the lipophilic parameter, log P, can be used successfully for modeling ang II receptor antagonistic activity. The models obtained showed not only statistical significance but also predictive ability. The present study suggests that neglecting of log P based on its low correlation by MLR as followed by most of the QSAR studies can lead to fortuitous results and one must perform non-linear regression before coming to a decision on the contribution of the lipophilic parameter, log P.
Experimental Section
Angiotensin II receptor antagonistic activity The angiotensin receptor antagonistic activity was taken from the reported work of Mederski et al. 26 We have converted the biological activity values [IC 50 (nM)] reported in the literature to molar units [mol/l] and then further to -log scale and subsequently used as the response variable for the QSAR analysis.
Calculation of molecular descriptors and regression
The calculation of molecular descriptors of substituted 4,5-dihydro-4-oxo-3H-imidazo [4,5-c] pyridines as well as the regression analyses were carried out using the molecular package
